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ABSTRACT

The present study has been conducted to investigate the 
electrochemistry of mild steel corrosion in a mixed hydrogen 
sulfide/carbon dioxide (H2S/CO2) aqueous environment, and 
develop an electrochemical model to simulate the experimen-
tal results. The experiments were designed to determine the 
effect of H2S on CO2 corrosion for short-term exposures of a 
few hours before any interference from iron sulfide corrosion 
product layers happened. Tests were conducted at different 
H2S concentrations, ranging from 0 to 10% in the gas phase 
at 1 bar total pressure at pH 4 and pH 5. Mechanisms related 
to H2S/CO2 corrosion have been examined by using different 
techniques such as linear polarization resistance (LPR) using 
the scan rate 0.125 mV/s), potentiodynamic sweeps (scan rate 
1 mV/s), and comparison of experimental results with electro-
chemical model predictions. Results indicate that the presence 
of H2S could affect both cathodic reactions and the anodic 
reaction. An electrochemical model was developed for a mixed 
H2S/CO2 system, which was calibrated with new experimental 
results and compared to data found in the open literature. The 
model predictions fit experimental data well for short expo-
sures (measured in hours) but overestimate the experimental 
results for longer term exposures (measured by days and 
weeks) due to the formation of an iron sulfide corrosion product 
layer, which is not accounted for in the present model.

KEY WORDS: carbon dioxide, carbon steel, corrosion rate, hy-
drogen sulfide, modeling, uniform corrosion

INTRODUCTION

Corrosion in a mixed carbon dioxide/hydrogen sulfide 
(CO2/H2S) aqueous environment is an important is-
sue in the oil and gas industry. More attention has 
been focused on this type of corrosion because of 
harsher environments encountered when exploring 
new sources of oil and gas, which often contain H2S. 
However, little progress has been made in defining the 
corrosion mechanisms involved. The understanding, 
prediction, and control of H2S corrosion are some of 
the key challenges for oil and gas production.

The severity of corrosion depends on multiple 
factors, including temperature, pH, partial pressures 
of CO2 and H2S, and flow conditions, to name the 
most important ones. Therefore, there is a need for 
models that can predict corrosion rates under various 
conditions and, thus, save the cost of performing nu-
merous experiments.

Models for CO2 corrosion have been developed in 
the past, taking the form of semi-empirical correla-
tions or mechanistic models describing the different 
processes involved in CO2 corrosion of carbon steel.1-2 
In the case of H2S corrosion, there are numerous ex-
perimental studies;3-8 however, only a few models have 
been developed and published in the open literature 
for H2S or mixed CO2/H2S corrosion.9-10

Anderko and Young9 presented a mechanistic 
model to simulate the corrosion rates of carbon steel 
in a mixed CO2/H2S environment. The model consists 
of a thermodynamic part used to predict corrosion- 
product layer composition and an electrochemical 
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model to simulate the rate of cathodic and anodic 
processes on the metal surface. However, the elec-
trochemical model was simplistically correlated to 
final steady-state corrosion rate data to obtain a good 
agreement by using a surface coverage effect by iron 
sulfide. No mechanistic verification of this approach 
was done with electrochemical kinetic data, and the 
steel-surface water chemistry was not distinguished 
from bulk water chemistry in their model.

Sun and Nešić 10 published a mechanistic model 
based on a mass-transfer control mechanism for cor-
rosion in the presence of iron sulfide layers, often 
seen in H2S corrosion. This mechanistic model was 
calibrated to fit a broad range of experimental results 
and was found to be useful for the prediction of tran-
sient corrosion rates arising from the growth of iron 
sulfide layers. The model includes a number of as-
sumptions that were not explicitly verified, however. 
For example, it was universally assumed in the model 
that mass transfer limits the rate of H2S corrosion 
and, therefore, the electrochemical processes were not 
defined or included. This is clearly a simplification 
and limitation of the model that needed improvement.

In the first author’s previous research,11 an elec-
trochemical model of carbon steel corrosion in a pure 
H2S system was described and verified with electro-
chemical kinetics experiments. The model accounts 
for the effect of PH2S, flow rate, pH, and temperature 
on H2S corrosion. An additional cathodic reaction, 
direct H2S reduction, was identified and included in 
the model. In reality, CO2 is ubiquitous, however, so 
it is of key importance to extend this electrochemical 
model to cover mixed H2S/CO2 systems and include 
validation by more literature data. The results of this 
work are presented.

EXPERIMENTAL

Equipment
Experiments were performed at atmospheric 

pressure in a 2-L glass cell with 1 wt% sodium chlo-
ride (NaCl) in deionized water solution. An experi-
mental set-up similar to that of Zheng, et al.,11 was 
used. A mixture of H2S and CO2 gas was sparged 
through the cell continuously. A typical three-elec-
trode setup was used. The working electrode (WE) 
was a rotating cylinder electrode (RCE) made of mild 
steel with a speed controller. The counter electrode 
(CE) was a concentric ring made of platinum wire. 
The reference electrode (RE) was a saturated silver-
silver chloride (Ag/AgCl) electrode connected to the 
cell externally via a Luggin capillary. The pH was 
monitored with an electrode immersed in the electro-
lyte. The concentration of H2S was adjusted by a  
gas rotameter and measured by a gas sample pump 
with H2S detector tubes. A carbon scrubber was  
used to treat the gas coming out of glass cell to  
remove the H2S.

Materials
API 5L-X65 pipeline steel was used in the pres-

ent experiments with a composition (as reported by 
the manufacturer) shown in Table 1. The WE was 
machined out from the parent steel material and had 
a diameter of 1.20 cm and a working surface area of 
5.4 cm2.

Procedure
The aqueous solution was initially deoxygenated 

by continuously purging CO2 gas for at least 3 h. At 
the same time, the solution was heated to the desired 
temperature. After the solution was deoxygenated, 
H2S was added to the purge for at least 30 min to 
saturate the solution at the required partial pressure 
of H2S. The pH was adjusted by adding deoxygenated 
hydrochloric acid (HCl) or sodium hydroxide (NaOH). 
Prior to immersion, the cylindrical X65 mild steel 
specimen surfaces were polished sequentially with 
400 and 600 grit sandpaper, while being cooled simul-
taneously with isopropyl alcohol, then were washed 
with isopropyl propanol in an ultrasonic cleaner and 
dried with an air blower.

The gas concentration was adjusted by purging 
different H2S/CO2 ratios, from 100 ppm H2S (PH2S = 
0.1 mbar) to 10% H2S (PH2S = 96.5 mbar) in the mixed 
H2S/CO2 gas at 30°C. Table 2 shows the unit conver-
sion of ppm or % to mbar for H2S concentration in 
gas phase. The unit of ppm or % used here is based 
on a volume fraction (volume H2S in the total mixture 
of H2S/CO2 gas). Only the dry gas mixture of H2S and 
CO2 without water vapor was measured before purg-
ing into the glass cell system. There is always some 
water vapor in the gas phase of any system containing 
water. When converting ppm or % to partial pressure 
of H2S, the water vapor pressure must be considered, 
especially in high temperature environments.

A potentiostat was used to perform electrochemi-
cal measurements during the test. The open circuit 
potential (OCP) was monitored and polarization resis-
tance (Rp) measurements were conducted by polarizing 
the WE ±5 mV from the free corrosion potential and 
scanning at 0.125 mV/s. Solution resistance was mea-
sured independently using electrochemical impedance 
spectroscopy (EIS), and the measured Rp was then cor-
rected. The corrosion rate (CR) was calculated based 
on measured Rp by using the LPR constant B = 23 mV/
decade. EIS measurements were carried out by apply-
ing an oscillating potential ±5 mV around OCP of the 
WE, using the frequency range 3 mHz to 5 kHz. At the 
end of each experiment, the potentiodynamic sweeps 

TABLE 1
Chemical Composition of 5LX65 used in RCE (wt%)

	 Cr	 Mo	 S	 V	 Si	 C	 Fe	 Ni	 Mn	 P

	0.14	 0.16	 0.009	 0.047	 0.26	 0.13	 Bal.	 0.36	 1.16	 0.009
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were conducted at a scan rate of 1 mV/s. The cathodic 
sweep was performed first by beginning at the OCP; 
the electrode was then allowed to equilibrate back to 
the OCP; and finally, the anodic sweep, starting at the 
OCP, was conducted. The solution resistance was man-
ually corrected for after the measurements. 

The test matrix for the experimental work is 
shown in Table 3. The duration of the experiments 
was intentionally short, and the pH and temperature 
were low, in order to avoid formation of protective cor-
rosion product layers (such as sulfides, carbonates, 
and oxides), which complicate the corrosion process 
and make interpretation of electrochemical measure-
ments very difficult.(1)

RESULTS AND DISCUSSION

Effect of PH2S

Corrosion rates at different H2S concentrations in 
the H2S/CO2 mixture, pH 4, and 1,000 rpm rotating 
speed condition are shown in Figure 1. The corrosion 
rate under a pure CO2 environment (zero H2S concen-
tration) at pH 4 was about 2.7 mm/year. When H2S 
gas concentration was increased to 100 ppm and  
500 ppm, the corrosion rates decreased to 1.4 mm/
year and 1.5 mm/year and then increased again to  
2.4 mm/year at 10% H2S gas concentration. A similar 
corrosion behavior was observed at pH 5 (Figure 2). 
This trend has been also observed by the authors in 
a pure H2S environment11 and other researchers6,12-15 
in a mixed H2S/CO2 environment. The change of cor-
rosion rate is due to the effect of H2S on both cathodic 
reactions and the anodic reaction, which is shown in 
Figure 3 and Figure 4 and explained in the following 
text. 

The effect of H2S on cathodic potentiodynamic 
sweeps at pH 4 and pH 5 are shown in Figure 3 and 
Figure 4. At pH 4, the cathodic potentiodynamic 
sweep in a pure CO2 aqueous environment (without 
any H2S) has the same shape that has previously been  
reported by others.16 It shows a limiting cathodic 
current region in the range of –720 mV to –900 mV, 
which consists of the diffusion-limited current of H+ 
reduction and the chemical-reaction-controlled cur-
rent of carbonic acid (H2CO3) reduction. At a more 
negative potential, a charge-transfer current region is 
seen corresponding to direct water (H2O) reduction. 
When 100 ppm or 500 ppm H2S was introduced, the 

	 (1)	The sample surface examined with EDS and XRD. EDS after the 
exposure showed a small peak of sulfur, but XRD results indi-
cated that no iron sulfide crystals formed on the steel surface.

TABLE 2 
The Unit Conversion of ppm or % to mbar for H2S in Gas Phase at 30°C, 1 Bar Total Pressure

	 H2S volume fraction in the total mixture H2S/CO2 gas	 100 ppm	 500 ppm	 0.65%	 6%	 10% 
	 H2S partial pressure/mbar	 0.1	 0.5	 6.3	 58.2	 96.5

TABLE 3
Test Matrix

		  Description 		  Parameters 

	 Test material	 API 5L X-65 
	 Test solution 	 1 wt% NaCl solution 
	 Purge gas (H2S volume fraction	 0-10%(v) (0-0.1 bar) 
	   in H2S/CO2)	  
	 Rotating speed /rpm 	 1,000 
	 Total pressure/bar	 1 
	 Temperature/°C 	 30 
	 pH 	 4, 5 
	 Test duration/hour	 0.5 to 2 
	 Measurement methods	 LPR, EIS, potentiodynamic  
			     sweeps

FIGURE  1.  Effect of H2S gas concentration in the H2S/CO2 mixture 
at total pressure 1 bar, on corrosion rates of X65 mild steel at pH 4, 
30°C, 1 wt% NaCl, 1,000 rpm rotating speed, exposure time < 2 h, 
B = 23 mV/ decade.

FIGURE  2.  Effect of H2S gas concentration in the H2S/CO2 mixture 
at total pressure of 1 bar, on corrosion rates of X65 mild steel at pH 
5, 30°C, 1 wt% NaCl, 1,000 rpm rotating speed, exposure time < 2 
h, B = 23 mV/ decade.
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mass-transfer limiting current did not change, com-
pared with a pure CO2 purged environment, and the 
H2O reduction rate was slowed down; this agreed with 
the observation reported previously for a pure H2S 
environment (without CO2)

11 and a mixed H2S/CO2 
environment.7 As the H2S gas concentration increased 
(to 0.65% and higher to 10%), the cathodic limiting 
current plateau moved to higher currents and a sec-
ond “wave” in the limiting current at more cathodic 
potential also appeared, which is due to the direct re-
duction of H2S on the steel surface according to:11

 H S e H HSaq g aq2 22 2( )
–

( )
–
( )+ → +  (1)

At pH 5, the same trend in the cathodic potentiody-
namic sweep with H2S concentration was observed. 
The mass-transfer limiting current did not change at 
100 ppm H2S, but increased at 10% H2S. The retar-
dation effect of H2S on the H2O reduction rate was 
also observed.

The decrease in the rate of H2O reduction due 
to H2S was clearly observed at both pH 4 and pH 5. 
However, the effect of H2S on the charge transfer ki-
netics of H2CO3 reduction was not as clear from the 
potentiodynamic sweeps because of the interference 
by the anodic iron (Fe) dissolution reaction and the 
limiting current control of the cathodic reaction. Both 
H2O reduction and H2CO3 reduction are different 
pathways for the hydrogen evolution reaction, how-
ever; therefore, it is reasonable to postulate that the 
same retardation effect seen for H2O reduction holds 
true for the H2CO3 reduction reaction as well. This 
assumption was confirmed through comparisons be-
tween experimental results and model predictions, as 
described below.

This retardation effect due to H2S has been previ-
ously proposed to be due to the very rapid formation 
of a thin mackinawite film, formed by direct reaction 
of H2S with Fe, via a so-called “solid state reaction.” 

The mechanism of this thin mackinawite film forma-
tion was first proposed by Shoesmith, et al.,17 and 
used in Sun and Nešić ’s mechanistic model.10 An al-
ternative mechanism is adopted here. A very thin iron 
sulfide film forms very rapidly via a chemisorption 
process, i.e., by a direct reaction of exposed surfaces 
of Fe with H2S, as suggested by Marcus, et al.18 The 
mechanism is also supported in the work of Smith 
and Wright.19

 Fe H S FeS Hs aq ad ad( ) ( ) ( ) ( )+ → +2 2  (2)

This adsorbed sulfide film can displace adsorbed H2O 
and OH– as indicated by Marcus, et al.,18 and prob-
ably affect the double layer composition. Therefore the 
kinetics of electrochemical reactions is slowed down. 
This retardation effect has also been observed for plat-
inum electrodes20 and iridium electrodes,21 where the 
hydrogen evolution rate was significantly retarded.

The effect of H2S concentration on the anodic Fe 
dissolution reaction at pH 4 and pH 5 can also be 
seen in the potentiodynamic sweeps (Figure 3 and Fig-
ure 4). At pH 4 (Figure 3), with 100 ppm and 500 ppm 
H2S gas concentration, the anodic potentiodynamic 
sweeps shifted to the lower current direction, as com-
pared with a pure CO2 environment. This indicates a 
retardation effect of low H2S concentration on Fe dis-
solution rate, which means that the anodic reaction 
rate is slowed down at low H2S concentrations. As 
H2S gas concentration increased up to 6% and 10% in 
the H2S/CO2 gas mixture, the anodic reaction rate in-
creased, and eventually reached the same rate as in a 
pure CO2 environment. At pH 5 (Figure 4), the similar 
behavior of the anodic potentiodynamic sweeps was 
observed, which agrees with the results previously re-
ported in a pure H2S environment.11 This is related to 
HS– adsorption on the steel surface.

According to the finding of Bockris, et al.,22 in the 
strong acid solution, the Fe dissolution rate is attrib-

FIGURE  3.  Effect of H2S gas concentration in the H2S/CO2 mixture 
at total pressure 1 bar on potentiodynamic sweeps of X65 mild steel 
corrosion at pH 4, 30°C, 1 wt% NaCl, 1,000 rpm rotating speed, 
exposure time < 2 h.

FIGURE  4.  Effect of H2S gas concentration in the H2S/CO2 mixture 
at total pressure 1 bar on potentiodynamic sweeps of X65 mild steel 
corrosion at pH 5, 30°C, 1 wt% NaCl, 1,000 rpm rotating speed, 
exposure time < 2 h.
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uted to OH– adsorption on the Fe surface. When H2S 
is present, HS– can be strongly chemisorbed on the 
Fe20,23 to displace adsorbed OH– and slow down the Fe 
dissolution rate at low HS– concentration. However, 
analogous to the OH– mechanism of Fe dissolution, 
HS– can also accelerate this process with the increase 
of H2S gas concentration. 

In summary, the presence of H2S in a CO2 domi-
nated aqueous environment affects both the cathodic 
and anodic reactions, and may lead to either acceler-
ation or retardation of the corrosion rate of the steel, 
depending on H2S concentration. For the cathodic 
reactions, a new cathodic reaction, direct reduction of 
H2S, is confirmed.11 The H2O reduction rate is slowed 
down in the presence of the H2S. The charge-transfer 
kinetics of H2CO3 reduction is also postulated to be 
slowed down, as well. For the anodic reaction, the 
same phenomena were observed as seen in pure H2S 
environments,11 which are dependent primarily on 
HS– concentration.

Effect of pH
Solution Without H2S — The effect of pH in an 

aqueous solution saturated with CO2 (without any 
H2S) on potentiodynamic sweeps is shown in Figure 
5. The change of pH from pH 4 to pH 5 agrees with 
the previous findings of Nešić, et al.16 The limiting 
current density decreased by a factor 2 to 3, and not 
10, because of the contribution from a chemical re-
action-limited H2CO3 reduction. Figure 5 also shows 
that pH had a very small effect on the anodic reaction 
from pH 4 to pH 5.

Solution with H2S — The change of the potentio-
dynamic sweeps from pH 4 to pH 5 in an aqueous 
solution purged with 100 ppm H2S in the gas mixture 
(Figure 6) has the same trend as that in a pure CO2 
purged solution, for both cathodic and anodic parts.

When H2S concentration increased to 10%, the 
effect of pH on potentiodynamic sweeps is shown in 
Figure 7. The limiting current was almost the same 
at pH 4 and pH 5, which is different behavior from a 
three-fold change in pH seen in a “CO2 only” environ-
ment. The reason is that the main contribution to the 
cathodic-limiting current at 10% H2S concentration 
is from the aqueous H2S species, the concentration of 
which is independent of pH.

Both Figure 6 and Figure 7 show that pH had a 
smaller effect on the anodic dissolution reaction in the 
range of conditions studied.

ELECTROCHEMCIAL MODEL

Anodic Reaction
The only anodic reaction is Fe dissolution from 

the steel surface:

 Fe Fe es aq( ) ( )
–→ ++2 2  (3)

FIGURE  5.  Effect of pH on potentiodynamic sweeps of X65 mild 
steel corrosion in the solution purged with pure CO2 at 30°C, total 
pressure of 1 bar, 1 wt% NaCl, 1,000 rpm rotating speed, exposure 
time < 2 h.

FIGURE  6.  Effect of pH on potentiodynamic sweeps of X65 mild 
steel corrosion in the solution purged with 100 ppm H2S in the H2S/
CO2 gas mixture at total pressure of 1 bar, 30°C, 1 wt% NaCl, 1,000 
rpm rotating speed, exposure time < 2 h.

FIGURE  7.  Effect of pH on potentiodynamic sweeps of X65 mild 
steel corrosion in the solution purged with 10% H2S in the H2S/CO2 

gas mixture at total pressure of 1 bar, 30°C, 1 wt% NaCl, 1,000 rpm 
rotating speed, exposure time < 2 h.
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A detailed model of Fe dissolution in a CO2 environ-
ment without H2S has been reported by Nešić, et al.16 
This reaction is under charge-transfer control. Thus, 
pure Tafel behavior can be assumed close to the cor-
rosion potential.

 i iFe Fe
ba= ×0 10,

η

 (4)

The reference exchange current density i*o,Fe at room 
temperature, 293.15K, is 1 A/m2 for X-65 steel. The 
activation energy ∆H was found to be 37.5 kJ/mol. 
The Tafel slope is ba = 2.303RT

1.5F . The reversible potential 
of X-65 steel was taken to be –0.488 V.16

When H2S is present, the anodic reaction rate 
is observed to mostly depend on H2S concentration, 
as shown in Figures 3 and 4. This behavior is mod-
eled as proposed in the previous study,11 where the 
exchange current density is related to the surface 
coverage by HS– ions (θHS–) and follows the Langmuir 
adsorption model, as shown in Equations (5) and (6). 
K2 is the Langmuir adsorption constant, which is ob-
tained from the previous study.11

 i0,Fe = i0,Fe
ʹ′* θHS–e

ΔH
R

( 1
T
− 1
Tref

)
 (5)

 
θ =

+
K c

1 K cHS
2 HS

2 HS

–
–

–  
(6)

Cathodic Reactions
In the model, there are four cathodic reactions in 

a mixed CO2/H2S aqueous system:

—reduction of H+ ions:

 2 2 2H e Haq g
+ + →( )

–
( )  (7)

—direct reduction of aqueous H2S (as described in the 
previous study):11

 2 2 22 2H S e H HSaq g aq( )
–

( )
–
( )+ → +  (1)

—direct H2CO3 reduction:

 2 22 3 2 3H CO e H HCOaq g aq( ) ( )
–
( )+ → +−  (8)

—direct H2O reduction:

 2 22 1 2H O e H OHg aq( )
–

( ) ( )+ → + −  (9)

The details of H+ reduction, H2S reduction, and H2O 
reduction have been described in a previous paper,11 

which covers these same reactions for a pure H2S sys-
tem, and no change is made in the present work for 
a mixed CO2/H2S aqueous system. The modeling of 
H2CO3 reduction with and without H2S is done differ-
ently, however, and will be addressed below.

Modeling of H2CO3 reduction for a pure CO2 aque-
ous system (without H2S) has been described clearly 
by Nešić et al.16 The total current density of H2CO3 re-
duction is given by:

 = +
α

1
i

1
i

1
iH CO ,H CO
r
lim,H CO2 3 2 3 2 3

 (10)

where iH2CO3
, iα,H2CO3, and irlim,H2CO3

 are the total current 
density, the charge transfer current density, and the 
mass transfer limiting current density of this reaction 
in A/m2, respectively.

Charge transfer current density of this reaction 
can be calculated using the equation:

 = ×α

− η

i i 10,H CO 0,H CO
b

2 3 2 3
c  (11)

Tafel slope and reversible potential can be calculated 
from Equation (12) and (13):	

 
=

α
b 2.303RT

F
c

c  
(12)

 E
RT

F
pH

RT
F

Prev H= − −
2 303 2 303

2 2

. .
log  (13)

αc = 0.5, giving bc ≈ 0.120 V/decade at 30°C, and the 
PH2

 set to 1 bar.
The exchange current density can be calculated by:

 
= ⎛

⎝⎜
⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

×
Δ −+

+
i i

c
c

c
c

e0,H CO 0
ref H CO

H CO

0.5

H

H ref

–0.5 H
R

(
1
T

1
Tref

)

2 3
2 3

2 3ref  
(14)

From Nešić ,16,24 the i0ref for H2CO3 reduction was taken 
to be 0.018 A/m2 at 293.15K reference temperature 
and 1×10–4 mol/L reference H2CO3 concentration.  
The enthalpy of activation in Equation (5) is set to  
50 kJ/mol.16

The CO2 hydration reaction limiting current den-
sity can be calculated using:16

 i f F c D K kH CO
r

CO H CO hyd hyd
f

lim( )
.( )2 3 2 2 3

0 5= × × ×  (15)

where cCO2
 is the bulk concentration of dissolved car-

bon dioxide, which can be obtained from:

 c K PCO sol CO2 2= ∗  (16)

Henry’s constant Ksol as a function of temperature can 
be calculated using:24

 Ksol
T Tf f= × − + − ×− −14 5

1 00258
10 2 27 5 65 8 06 103 6 2.

.
( . . . ++0 075. )I

 (17)

where Tf is temperature in degrees Fahrenheit and I =  
1
2Σicizi

2 is ionic strength in molar.
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The equilibrium constant for the CO2 hydration 
reaction, Khyd, is equal to 2.58 × 10–3 and does not 
change with temperature.24 The forward hydration 
reaction constant ( kf

hyd) is a function of temperature, 
which is given as:25

 k 10hyd
f

329.85 110.541 log T 17265.4
T

k
k=

− × −
 (18)

where Tk is absolute temperature in Kelvin.
From experimental observation, it was found 

that when H2S was present, the H2O reduction rate 
was slowed down by approximately 1 or 2 orders of 
magnitude. Similarly, it is considered here that H2CO3 
reduction was also slowed down, due to the pres-
ence of H2S. Here, a factor of 3 was chosen, based on 
comparison between experimental results and model 
predictions. This factor can probably change with H2S 
concentration or other parameters, and needs further 
investigation. Therefore, the i0

ref for H2CO3 reduction 
was taken to be 0.006 A/m2, 3 times lower than the 
0.018 A/m2 used for a pure CO2 environment without 
H2S. The other parameters were taken to be the same 
as in the model without H2S.

The Mixed Potential Theory
The model requires, as input, temperature, pH, 

PH2S, PCO2, and the hydrodynamic parameters, in this 
case, the rotating cylinder diameter, and the rota-
tional velocity. The corrosion potential then can be 
calculated by solving the charge balance equation:

 i ia c∑ ∑=  (19)

which here takes the form: 

 i i i i iFe H CO H S H H O2 3 2 2= + + ++  (20)

Once the corrosion potential is found, the corrosion 
current and rate can be found from the anodic cur-
rent (or total cathodic current) at the corrosion po-
tential. The individual and total cathodic and anodic 
curves and predicted potentiodynamic sweeps can  
be generated.

MODEL VALIDATION

Performance of the model was validated by com-
paring the calculations with the experimental results 
described above and with the external data obtained 
from the open literature.

Comparison with Results from the Present 
Experimental Study

First, the electrochemical model in a pure CO2 
environment without H2S is validated with the ex-
perimental results at pH 4 and pH 5. Figure 8 and 
Figure 9 show the comparison of the potentiodynamic 

sweeps simulated by the model with experimental 
data. It can be seen that the potentiodynamic sweeps 
capture the corrosion processes very well and the cal-
culated results are in a very good agreement with all 
experimental results.

Second, the effect of H2S addition was simulated 
with the electrochemical model. Figure 10 and Figure 
11 show the comparisons of simulated sweeps with 
experimental results at pH 4 and at pH 5. Model sim-
ulations capture cathodic and anodic potentiodynamic 
sweeps changes with increasing H2S gas concentra-
tion, and generally agree with experimental poten-
tiodynamic sweeps at different H2S concentrations. 
Figure 12 and Figure 13 show that the corrosion rates 
calculated by the electrochemical model are in good 
agreement with experimental results, all of which 
suggests that the electrochemical model captures 
the main electrochemical processes underlying H2S/

FIGURE  8.  Comparison between predicted potentiodynamic 
sweeps and experimental results in the solution purged with pure 
CO2 at pH 4, 30°C, total pressure of 1 bar, 1 wt% NaCl, 1,000 
rpm rotating speed, exposure time < 2 h. Solid line: experimental 
sweeps. Dashed line: predicted sweeps.

FIGURE  9.  Comparison between predicted potentiodynamic 
sweeps and experimental results in the solution purged with pure 
CO2 at pH 5, 30°C, total pressure of 1 bar, 1 wt% NaCl, 1,000 
rpm rotating speed, exposure time < 2 h. Solid line: experimental 
sweeps. Dashed line: predicted sweeps.
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CO2 corrosion. Moreover, four main individual elec-
trochemical reactions (H+ reduction, H2CO3 reduction, 
H2S reduction, and Fe dissolution) changing with H2S 
concentration can be seen clearly in Figure 10 and 
Figure 11. At low H2S gas concentrations (100 ppm or 
500 ppm), the corrosion rate is lower, as compared to 
the pure CO2 system (almost half, Figure 12), because 
both the cathodic and anodic reactions (such as Fe 
dissolution, H2CO3 reduction, and H2O reduction) are 
retarded with the presence of H2S. With the increase 
of H2S concentration, the corrosion rate increases be-
cause the cathodic reactions are accelerated with the 
increase of H2S reduction rate, and the anodic reac-
tion is accelerated with HS– concentration.

Comparison with Results of External 
Experimental Studies

The electrochemical model was also validated 
with external data obtained from the open literature. 
Model performance was examined first in low partial 
pressure of H2S (PH2S ranged from 0.05 mbar to 0.33 
mbar, corresponding to 55 ppm to 340 ppm in the gas 
phase at 1 bar CO2), where the experiments were con-
ducted by Lee.26 Figure 14 shows that the corrosion 
rates change with H2S partial pressure. It shows that 
even a very low concentration of H2S (50 ppm or 0.05 
mbar) can reduce a CO2 corrosion rate that is greater 
than 1 mm/y in the absence of H2S. The model cap-
tures this effect clearly.

Corrosion experiments at a somewhat higher  
concentration of H2S (PH2S ranging from 1 mbar to  
9.8 mbar, corresponding to 1,000 ppm to 10,000 ppm 
H2S in the mixed H2S/CO2 gas phase) were reported 
by Choi.13 Model predictions are compared with the 

FIGURE  10.  Comparison of predicted potentiodynamic sweeps 
with experimental results in the solution purged with different H2S 
gas concentrations in the H2S/CO2 gas mixture at pH 4, 30°C, 
total pressure of 1 bar, 1 wt% NaCl, 1,000 rpm rotating speed, 
exposure time < 2 h. Solid line: experimental sweeps. Dashed line: 
predicted sweeps. Red: 100 ppm H2S/CO3, Dark blue: 500 ppm 
H2S, Pink: 0.65% H2S, Orange: 6% H2S, Purple: 10% H2S in the 
H2S/CO2 gas mixture.

FIGURE  12.  Comparison of corrosion rate predictions with 
experimental results in the solution purged with different H2S gas 
concentrations in the H2S/CO2 gas mixture at pH 4, 30°C, total 
pressure of 1 bar, 1wt% NaCl, 1,000 rpm rotating speed, exposure 
time < 2 h.

FIGURE  11.  Comparison of predicted potentiodynamic sweeps 
with experimental results in the solution purged with different H2S 
gas concentrations in the H2S/CO2 gas mixture at pH 5, 30°C, 
total pressure of 1 bar, 1 wt% NaCl, 1,000 rpm rotating speed, 
exposure time < 2 h. Solid line: experimental sweeps. Dashed line: 
predicted sweeps. Red: 100 ppm H2S, Purple: 10% H2S in the 
H2S/CO2 gas mixture.

FIGURE  13.  Comparison of corrosion rate predictions with 
experimental results in the solution purged with different H2S gas 
concentrations in the H2S/CO2 gas mixture at pH 4, 30°C, total 
pressure of 1 bar, 1 wt% NaCl, 1,000 rpm rotating speed, exposure 
time < 2 h.
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over predicts the corrosion rate by a large factor of 10 
to 50. This is due to the formation of iron sulfide lay-
ers on the surface, which are not accounted for in the 
current model. The Sun and Nešić  model8 considers 
the effect of iron sulfide corrosion product layers and 
makes a better prediction for long-term experiments, 
as Figure 19 shows. Further extension of the current 
electrochemical model to include mass transfer effects 
and coverage effect due to iron sulfide layer formation, 
such as was partly done by Sun and Nešić,10 is ongoing.

CONCLUSIONS

v  A mechanistic study of H2S corrosion kinetics  
for X65 steel in short-term exposure was extended  
to include the effects seen in a mixed H2S/CO2 envi-
ronment.
v  The effect of H2S on the anodic dissolution of Fe 
was the same as previously observed behavior in a 
pure H2S environment and included retardation or ac-
celeration, depending on the H2S concentration.
v  An order of magnitude retardation of H2O reduction 
due to the presence of H2S was observed in all experi-
mental conditions; it is postulated that the presence 
of H2S also slows down the charge-transfer kinetics of 
H2CO3 reduction by a factor of approximately 3.
v  An electrochemical model of aqueous H2S corrosion 
of X65 steel was extended to cover H2S/CO2 saturated 
solutions. The model has been calibrated to fit the 
new experimental results, and was compared with ex-
ternal data found in the open literature. A good agree-
ment with the experimental data has been obtained 
for short-term exposures where the effect of iron sul-
fide corrosion product layers can be ignored.
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FIGURE  14.  Comparison of corrosion rate predictions with 
experimental results in the solution purged with different partial 
pressures of H2S gas in the H2S/CO2 gas mixture at total pressure 
of 1.0 bar, at pH 5, 20°C, 1 wt% NaCl, 1,000 rpm, exposure time < 
1 h. Data taken from Lee.26

FIGURE  15.  Comparison of corrosion rate predictions with 
experimental results in the solution purged with different partial 
pressures of H2S gas in the H2S/CO2 gas mixture at total pressure 
of 1.0 bar, at pH 4, 25°C, 1 wt% NaCl, stagnant solution (0.01 m/s 
used in model), exposure time < 1 h. Data taken from Choi, et al.13

FIGURE  16.  Comparison of corrosion rate predictions with 
experimental results for different temperatures; experimental data 
shown as points, model predictions shown as lines; total pressure = 
1 bar, exposure < 1 h, pH 4.2 (4.5 at 90°C, CO2), stirring condition. 
Assumed model parameters: volume ratio for mixture CO2/H2S = 
1:1, flow velocity 0.3 m/s. Data taken from Abayarathna, et al.27

experimental results in Figure 15. Corrosion rates do 
not change much with H2S concentration from 1 mbar 
to 9.8 mbar, which is broadly captured by the model.

The effect of temperature on corrosion rate was 
investigated by Abayarathna, et al.,27 where corro-
sion rates increased with temperature at different H2S 
concentration conditions. The experimental conditions 
were simulated using the present CO2/H2S model, and 
it was found that the model can predict the change of 
corrosion rate, as shown in Figure 16.

A corrosion case at more severe conditions was 
reported by Bich, et al.28 The experimental conditions 
included high partial pressures of CO2 (PCO2

 = 3 bar 
to 12.8 bar) and H2S (PH2S = 3 bar to 20 bar). The pre-
dicted corrosion rates are within a factor of 2 of the 
measured data points, as Figure 17 shows.

Long-term flow loop experiments (15 days to 21 
days) at high partial pressure of H2S (PH2S = 10 bar to 
30 bar) and high partial pressure of CO2 (PCO2

 = 3.3 bar 
to 10 bar) were conducted by Omar, et al.29 Figure 18 
shows a comparison between present electrochemical 
model prediction and experimental results. The model 
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FIGURE  17.  Parity plot showing a direct comparison of predicted 
and experimental corrosion rates; data taken from Bich and Goerz.24 
PCO2

 = 3 bar to 12.8 bar, PH2S = 3 bar to 12.2 bar, pH 5.0, v = 0.1 
m/s. The solid line represents perfect agreement of experimental 
and calculated corrosion rates. The dashed lines represent a factor 
of 2 deviation.

FIGURE  19.  Comparison of corrosion rate predictions with 
experimental results for different velocities; experimental data shown 
as points, Sun’s and Nešić’s10 mass-transfer model predictions 
shown as lines; Experimental conditions are the same as Figure 18 
(reproduced and adapted from Sun and Nešić).10

FIGURE  18.  Comparison of corrosion rate predictions with 
experimental results for different velocities; experimental data 
shown as points, present electrochemical model predictions shown 
as lines; exp. 1: 19 days, Ptotal = 40 bar, PCO2

 = 3.3 bar, PH2S = 10 bar, 
80°C, pH 3.5, v = 1 m/s to 5 m/s; exp. 2: 21 days, Ptotal = 40 bar, PCO2

 
= 3.3 bar, PH2S = 10 bar, 25°C, pH 3.5, v = 1 m/s to 5 m/s; exp. 3:  
10 days, Ptotal = 40 bar, PCO2

 = 10 bar, PH2S = 30 bar, 80°C, pH 3.2,  
v = 1 m/s to 5 m/s; experimental data taken from Omar, et al.29


